The diverse roles of TopBP1 in DNA replication and checkpoint signaling are associated with the scaffolding ability of TopBP1 to initiate various protein-protein interactions.
the ATR-ATRIP heterodimer, the trimeric Rad9-Hus1-Rad1
(9-1-1) clamp complex, BACH1/FANCJ and Topoisomerase IIβ binding protein 1 (TopBP1) (4) (5) (6) . In particular, the emergence of TopBP1 as a key regulator in the DNA replication checkpoint pathway is underscored by its multiple roles contributing to the activation of ATR.
TopBP1 possesses nine BRCT domains, the most of any BRCT domain-containing protein (7, 8) . Originally identified with eight BRCT domains using sequence analysis, recent structural studies have confirmed an additional cryptic BRCT domain (BRCT0) at the extreme Nterminus of TopBP1 (9, 10) . The role of BRCT domains as phosphorylated protein binding modules have been demonstrated in studies of the BRCT domains in Breast cancer associated 1 (BRCA1) and other BRCT-containing proteins (11, 12) . Although the phospho-peptide binding ability of single BRCTs is still poorly defined, the role of tandem BRCT domains in recognizing phospho-peptide motifs is well established. For example, the tandem BRCT domains of BRCA1 form a functional unit to recognize the pSer-X-XPhe binding motif in a number of proteins involved in the DNA damage response (11) (12) (13) (14) (15) (16) , and the structural principles governing these interactions have been elucidated through a number of structural studies (17) (18) (19) (20) (21) (22) . Due to the abundance of BRCT repeats present in TopBP1, it is speculated that the diverse roles of TopBP1 in DNA replication and checkpoint signaling are associated with the ability of TopBP1 to act as a scaffolding protein and facilitate various proteinprotein interactions.
TopBP1 BRCT5 is responsible for the localization of TopBP1 to DNA damage foci (23) , although the interactions mediated by this domain are not well understood. Recent evidence suggests that TopBP1 BRCT4/5 interacts with 53BP1 to mediate the checkpoint function of 53BP1 in G1 (24) . BRCT6 is a target for poly(ADP) ribosylation (25) , but unlike other BRCT repeats, it lacks a functional phosphate binding pocket (26) . Studies of the TopBP1 yeast homolog show that the N-terminal BRCT1/2 domains of Dpb11 interact with phosphorylated Sld3, which is required for replication initiation (27, 28) . A phosphorylation-dependent interaction involving Treslin and TopBP1 BRCT1/2 was also shown to be pivotal for replication initiation (29) . There is also evidence that TopBP1 C-terminal BRCT7/8 domains bind to an internal pSer binding motif in TopBP1, inducing TopBP1 oligomerization that is needed for E2F1-mediated apoptosis (30) .
It is now apparent that regulation of the DNA replication checkpoint by TopBP1 is governed by two distinct BRCT-mediated interactions at the Nand C-terminal ends of TopBP1. Activation of ATR through the ATR activating domain (AAD) of TopBP1 depends on the interaction between the TopBP1 BRCT1/2 domains and the phosphorylated tail of the Rad9 component of the 9-1-1 complex (31, 32) . Recently, we identified an interaction between TopBP1 and BACH1/FANCJ required for RPA chromatin loading, which is a prerequisite for the loading of the ATR-ATRIP complex to stalled replication forks and subsequent replication checkpoint activation (5) . This interaction is mediated by the S phasespecific phosphorylation of BACH1 at Thr1133 and the TopBP1 BRCT7/8 domains.
The discovery of a BACH1 binding motif for TopBP1 is particularly intriguing, since BACH1 was originally identified as a BRCA1 BRCTinteracting partner (12, 33) .
Previous work suggests that BRCT domains specifically bind pSer-containing peptide motifs (34) . For example, in vitro peptide library studies show that BRCA1, MDC1, BARD1, and DNA Ligase IV BRCT repeats preferentially bind pSer peptides (11, 35) . However, given that checkpoint Ser/Thr kinases such as ATM, ATR and cyclindependent kinases can phosphorylate both Ser and Thr sites in target proteins, it is reasonable to suspect that a subset of BRCT domains could have pThr peptide binding ability.
Indeed, other conserved pSer/pThr binding modules such as 14-3-3 and WW domains can recognize pSer and pThr binding motifs. On the other hand, the FHA binding domain has a unique selectivity for pThr binding motifs only (36) . Crystal structures of complexes involving tandem BRCT repeats with their cognate phosphopeptides have provided insight into the molecular basis of BRCT domain interactions. Studies of BRCA1, MDC1, S. Pombe Brc1 and S. Pombe Crb2 BRCT domain-peptide complexes reveal a conserved mode of recognition that can be divided into two key regions: a pSer binding pocket in the N-terminal BRCT and a +3 specificity pocket at the BRCT-BRCT interface (18) (19) (20) (21) (22) (37) (38) (39) (40) .
Comparison of the bound and unbound forms of the tandem BRCT domains reveal only subtle changes in structure, suggesting that the binding pocket is largely preformed for peptide binding. Although the current structures provide mechanistic detail of pSer peptide recognition, how BRCT domains can recognize pThr peptide motifs remains elusive.
Here we present the molecular basis of the TopBP1 BRCT7/8-BACH1 interaction involved in DNA replication checkpoint control. In combination with systematic mutagenesis studies in vitro and in vivo, we illustrate the role of key contact residues in the specificity of TopBP1-BACH1 interactions. Comparison of the apo and bound structures reveal a dramatic rearrangement of the BRCT domains that is required for specific phospho-peptide recognition. The structure of the TopBP1 BRCT7/8-BACH1 complex also establishes the basis for pThr recognition of BRCT domains. Taken together, our studies provide insight into novel roles of BRCT-phospho-peptide recognition.
EXPERIMENTAL PROCEDURES
Cloning, expression and purificationTopBP1 BRCT7/8 (1264-1493) was cloned into the pGEX-6P-1 vector (GE Healthcare) encoding an N-terminal GST-tag. The GST fusion protein was expressed in E. coli BL21-Gold cells and purified using glutathione affinity chromatography. TopBP1 BRCT7/8 was then cleaved from GST with PreScission protease at 4°C overnight, and the TopBP1 BRCT7/8 polypeptide was purified from GST by cation exchange chromatography. Further purification was achieved using gel filtration chromatography on a Superdex 75 column (GE-Amersham) in storage buffer (400 mM NaCl, 1 mM TCEP and 10 mM Tris-HCl, pH 7.5). TopBP1 BRCT7/8 missense variants were engineered using mutagenesis by PCR-directed overlap extension (41) and cloned into pGEX-6P-1 vector. Selenomethionine incorporated TopBP1 BRCT7/8 was expressed in E. Coli BL21-Gold pLys S cells and purified in the same manner as native TopBP1 BRCT7/8.
Crystallization -Purified Se-Met TopBP1 BRCT7/8 was concentrated to 18 mg/mL for crystallization. Se-met derivative crystals were grown at room temperature using hanging drop vapor diffusion by mixing 2 µL of protein with 1 µL of reservoir containing 1.35 M Li 2 SO 4 and 0.1 M Tris-HCl, pH 8. Crystals were flash-cooled in a cryo-protectant consisting of mother liquor supplemented with 23% glycerol. Native TopBP1 BRCT7/8 concentrated to 12 mg/mL was incubated in a 1:2 molar ratio of BACH1 phosphopeptide (Ac-ESIYFpTPELYDPEDTKK-NH 2 , Biomatik) for co-crystallization. Co-crystals were grown at room temperature by mixing 2 µL of protein with 1 µL of reservoir solution (3.5 M sodium formate, pH 8) and flash-cooled in mother liquor supplemented with 15% glycerol.
Data collection and structure determinationData was collected at the CMCF-1 beamline at the Canadian Light Source (CLS, Saskatoon). Data for a single-wavelength anomalous dispersion experiment was collected at the selenium peak from a Se-Met crystal and intensity data was processed using the HKL-2000 package (42) . Two selenium atom positions were found using SHELXD (43) and refined using SOLVE (44) . Phases were improved by density modification with RESOLVE (44), resulting in a figure of merit of 0.64. Automated model building was carried out in ARP/wARP (45) using experimental phases and phase restraints to produce 214/235 built residues with side chains. Further model building was carried out in COOT (46) and refinement using TLS and restrained refinement in REFMAC5 (47, 48) . The final model lacks the Nterminal residues 1264-1265 and loop residues 1442-1449, which are presumed to be disordered in the crystals. The Ramachandran plot contained 94.8% of all residues in the core and 5.2% in allowed regions.
Intensity data from a TopBP1 BRCT7/8-BACH1 peptide complex crystal was reduced and scaled using the HKL-2000 package. Phases for the TopBP1 BRCT7/8-BACH1 peptide complex were solved by molecular replacement using the apo TopBP1 BRCT7/8 structure as a model in PHASER (49) . TopBP1 BRCT7/8 N-terminal residues 1264-1265, side chain of residue 1265, loop residues 1442-1449 and C-terminal residues 1492-1493 are disordered and missing from the model. We were also unable to model BACH1 phospho-peptide residues -5 and +6 to +9. The Ramachandran plot contained 92.0% of all residues in the core and 8.0% in allowed regions.
Data collection and refinement statistics are listed in Table 1 . Secondary structure prediction of the models was performed with DSSP (50) and converted using DSSP2PDB (http://structure.usc.edu/dssp2pdb/). Hydrogen bonding was verified using HBPLUS (51) . All figures were made in PyMOL (http://www.pymol.org). The morph movie was generated with the program CNS (52) using the input file morph_dist.inp (53, 54) .
Coordinates for TopBP1 BRCT7/8 and TopBP1 BRCT7/8-BACH1 peptide complex have been deposited in the Protein Data Bank (accession codes 3AL2 and 3AL3).
Fluorescence polarization -FP measurements were carried out using an Envision multilabel plate reader (Perkin Elmer). For TopBP1 BRCT7/8 FP assays, each well consisted of 10 nM FITC-labeled BACH1 phospho-peptide (FITCESIYFpTPELYDPEDT-NH 2 , Biomatik) and increasing protein concentrations in FP assay buffer (10 mM Tris-HCl pH 7.5, 400 mM NaCl, 1 mM TCEP, 0.5% Tween-20). Competition assays were done by titrating increasing peptide concentrations with a saturated concentration of protein and 10 nM FITC-phospho-peptide. Competition assays for MDC1 and BRCA1 were done as previously described (17) . The competition peptides used for the assays are: pThr (Ac-ESIYFpTPELYDPEDTKK-NH2 for TopBP1, Ac-pTPTF-OH for BRCA1, Ac-pTQEY-OH for MDC1) and pSer (Ac-ESIYFpSPELYDPEDTKK-NH2 for TopBP1, Ac-pSPTF-OH for BRCA1, AcpSQEY-OH for MDC1).
FP assays were incubated for 15 min at room temperature prior to taking FP measurements using an excitation wavelength of 485 nm and emission wavelength of 538 nm. Triplicate data points are represented in graphs as mean ± s.e.m. Curve fitting, K d and IC 50 measurements were obtained using PRISM software (GraphPad).
K i calculations were calculated using the IC 50 -to-K i converter (55) .
Immunoprecipitation -For transient transfection and co-immunoprecipitation experiments, 293T cells were transfected with indicated plasmids for 24 hours. Cells were collected and lysed with NTEN buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) containing protease inhibitors on ice for 20 minutes. After removal of cell debris by centrifugation, the soluble fractions were collected and incubated with S-protein agarose (Novagen) for 3 hours at 4°C. The precipitates were then washed four times with NTEN buffer and boiled in SDS loading buffer. Samples were resolved on SDS-PAGE, transferred to PVDF membrane and immunoblotted with antibodies as indicated.
RESULTS

Structures of TopBP1 BRCT7/8 and BACH1
phospho-peptide complex -The crystal structures of TopBP1 BRCT7/8 and its complex with a BACH1 phospho-peptide were determined to 2.0 Å and 2.15 Å, respectively. Like other established tandem BRCT domain structures (19) , TopBP1 BRCT7/8 packs in a head to tail manner via a hydrophobic interface between the two BRCT domains (Fig. 1A) . Each BRCT domain consists of a central 4-stranded parallel β-sheet packed on opposite sides by helical elements. Separating BRCT7 and 8 is a prominent linker helix (α L ), which is part of an unusually long linker region compared to other phospho-peptide binding tandem BRCT domains (Supplemental Fig. S1 ). The conserved phospho-peptide recognition of tandem BRCT repeats is evident in the TopBP1 BRCT7/8-BACH1 phospho-peptide complex, where the pThr sits in a conserved phosphate binding pocket in the N-terminal BRCT7 and the +3 residue is complemented by a hydrophobic cavity formed at the interface of BRCT7 and 8 (Fig. 1B) .
Contacts between the BRCT7/8 domains and BACH1 phospho-peptide span the -2 to +5 positions of the peptide, burying a solventaccessible surface area of 1208 Å 2 at the interface. Surprisingly, the apo TopBP1 BRCT7/8 structure adopts a conformation that is significantly more open than the TopBP1 BRCT7/8-BACH1 phospho-peptide complex. This is unusual for tandem BRCT repeats, where comparisons of the apo and peptide-bound crystal structures in BRCA1, MDC1, Brc1 and Crb2 BRCT domains only yield subtle structural changes (18) (19) (20) (21) (37) (38) (39) 56) . This can be further illustrated, for example, in structural alignments of both the apo and bound crystal structures of MDC1 BRCT1/2 with the TopBP1 BRCT7/8-BACH1 peptide complex, which clearly show a better agreement compared to the apo TopBP1 BRCT7/8 structure (Supplemental Fig. S2 ). The open structure of TopBP1 BRCT7/8 also does not appear to be a consequence of the crystal packing, since the structure of apo TopBP1 BRCT7/8 crystallized under different conditions in a different space group yielded the same conformation (data not shown). To quantify the degree of conformational change between the apo and peptide-bound structure, we used the program DYNDOM (57) to define and measure protein domain motion. Both a fixed domain (BRCT7 and the α L helix (residues 1268-1392)) and moving domain (BRCT8 (residues 1393-1489)) were identified, with the moving domain rotating 23° around a central axis (Fig. 1C) . The residues defined in interdomain bending (residues 1388-1393) also conveniently flank the C-terminal end of the α L helix.
The plasticity of TopBP1 BRCT7/8 may be explained by the difference in the packing interface compared to canonical tandem BRCT repeats.
Due to the extensive hydrophobic interface contributed by the α 2 -α 1 ′-α 3 ′ helices, such as in BRCA1 BRCT1/2 (56), tandem BRCT repeats are typically rigid (Fig. 1D) . Consequently, their peptide binding surfaces are considered preformed, aside from minor changes to the backbone or side chain conformation, and the +3 binding cavity is relatively shallow. In contrast, the smaller hydrophobic packing surface at the interface between BRCT7 and 8 of TopBP1 results in a larger cavity (Fig. 1D) . In particular, the TopBP1 equivalent residues of BRCA1 Arg1699, Met1775, Pro1776, Glu1836 and Asp1840, which all contribute to the interface packing at the top of the pocket in BRCA1, do not do so in TopBP1. This allows for a more dynamic interaction of the BRCT domains in TopBP1 BRCT7/8 and explains its conformational change upon peptide binding.
Conserved pThr binding pocket of TopBP1 BRCT7/8 -The pThr binding pocket of TopBP1 BRCT7/8 is made up of phosphate binding residues that are conserved in other phosphatebinding BRCT repeats. The phosphate moiety makes conserved interactions with the side chains of Ser1273 and Lys1317, as well as with the main chain amide of Ser1274 ( Fig. 2A, Supplemental  Fig. S1 ). In addition, the guanidinium group of Arg1280 makes a novel bidentate interaction with two phosphate oxygen atoms, and is supported by a secondary hydrogen bond with the main chain of the peptide at the -2 position. In comparison to the bound state, the phosphate binding pocket of TopBP1 BRCT7/8 in the apo form does not appear to be in a favorable conformation for binding. A sulfate ion is bound in the apo crystal structure and mimics the phosphate group in the binding pocket (Fig. 2B) . Due to the open conformation in the apo state, Lys1317 is pulled away from the phosphate pocket and does not interact with the correct oxygen on the sulfate. Because of the loss of the peptide backbone contact with Arg1280, the guanidinium group of this residue shifts, contacting the sulfate and the main chain of Leu1272 instead. In the phosphate binding pocket of canonical BRCT repeats, the conserved Ser1273 side chain (Ser1655/Thr1898 in BRCA1/MDC1, respectively) is normally held in the optimal rotamer by hydrogen bonding with a conserved threonine residue (Thr1700/Thr1934 in BRCA1/MDC1, respectively) across the pocket. Since the residue at this position in TopBP1, Asn1315, is incapable of making such an interaction in TopBP1, Ser1273 is free to adopt multiple side chain conformations and is not held in the proper hydrogen bonding distance or orientation in the apo structure (Fig. 2B) .
To assess the role of Arg1280 and other residues within the conserved phosphate-binding pocket in recognition of the pThr BACH1 peptide in vitro, we used a fluorescence polarization (FP) assay. Mutation of the conserved Ser1273 or Arg1280 residues in GST-tagged TopBP1 BRCT7/8 markedly reduced binding to the peptide compared to wild-type (K d = 92 ± 8 µM for S1273A, K d = 104 ± 11 µM for R1280Q, K d = 2.1 ± 0.1 µM for wild-type), providing further evidence that Arg1280 is required for phosphate binding (Fig. 2C) . In contrast, the N1315A mutation (K d = 4.6 ± 0.3 µM) showed similar levels of binding as wild-type, suggesting N1315 does not have a role in the phosphate binding pocket.
pThr/pSer specificity of tandem BRCT domains -Given BACH1 pThr1133 is the first validated pThr target for any BRCT domain, we were interested in whether TopBP1 BRCT7/8 also has the ability to bind pSer phospho-peptides. We compared the ability of a pSer1133 derivative of the BACH1 binding motif to bind TopBP1 BRCT7/8 in a FP competition assay. Surprisingly, both pThr and pSer BACH1 phospho-peptides competed with the FITC-BACH1 phospho-peptide similarly (K i = 7.7 ± 0.2 µM for pThr and K i = 8.6 ± 2.4 µM for pSer), demonstrating that TopBP1 BRCT7/8 has equal specificity for both pThr and pSer (Fig. 3A) . In contrast, previous studies of tandem BRCT repeats indicate a preference for pSer phospho-peptide targets over pThr (11, 35) . Using the FP competition assay, we confirm that both the BRCA1 and MDC1 BRCT repeats prefer pSer in their respective minimal tetra-peptide targets (K i = 1.5 ± 0.1 µM for pSer and K i = 39.7 ± 8.0 µM for pThr in BRCA1, K i = 0.9 ± 0.1 µM for pSer and K i = 9.4 ± 3.2 µM for pThr in MDC1) (Fig. 3A) . The degree of preference for pSer, however, is more dramatic for BRCA1.
A comparison of the structure of the TopBP1 BRCT7/8-BACH1 complex with those of the BRCA1 and MDC1 BRCT repeats bound to their respective targets suggest why these proteins exhibit different pThr vs. pSer binding specificities. Superposition of the phosphate binding residues in BRCA1, MDC1 and TopBP1 reveals that although the conserved phosphate contacts (S1273/S1655/T1898, K1317/K1702/K1936 and S1274/G1656/G1899 in TopBP1/BRCA1/MDC1, respectively) are maintained, the position of the phosphate group and orientation of the peptide backbone differ between the TopBP1 complex and either the BRCA1 or MDC1 complexes (Fig. 3B) . The specific backbone and pThr1133 position in the BACH1 phospho-peptide bound to TopBP1 is supported by the additional contacts TopBP1 Arg1280 makes with the -2 main chain and the phosphate group. The difference in phosphate position of pSer compared to pThr is a result of the large discrepancy in χ 2 angles. The pThr residue in the TopBP1 complex is gauche+, but the pSer residues in the BRCA1 and MDC1 complexes are trans (Supplemental Table S1 ), which may account for the selectivity of BRCA1/MDC1 for pSer phospho-peptides. Modeling of the pThr derivative in the BRCA1 and MDC1 structures clearly illustrates how addition of the γ-methyl group in a χ 2 trans orientation causes a steric clash with the phosphate oxygen atom (Supplemental Fig. S3 ). Introduction of this methyl group also clashes with two conserved waters that mediate interactions between the phospho-peptide and phosphate binding pocket, which may also impact phospho-peptide binding. The more dramatic preference for pSer observed by BRCA1 over MDC1 may arise from the differences in the +1 residue of their cognate peptides (Pro/Gln for BRCA1/MDC1, respectively). The presence of a +1 Pro in the BRCA1 target peptide restricts the backbone geometry, perhaps limiting conformational changes that might otherwise facilitate binding of the pThr peptide. In contrast to the pSer-specific rotamer in the BRCA1 and MDC1 complexes, the gauche+ χ 2 orientation of pThr1133 in the TopBP1 complex permits the coexistence of the γ-methyl group and phosphate oxygens without steric hindrance. This specific orientation of pThr also resembles that seen in structures of pThr in complex with FHA domains, which are known to be selective for pThr binding motifs (Supplemental Table S1 ).
+3/+4 binding pocket of TopBP1 BRCT7/8 -To gain a better understanding of the specificity of the BACH1 binding motif for TopBP1 BRCT7/8, we performed alanine scanning mutagenesis to identify the residues in BACH1 important for the TopBP1 interaction in vitro.
Using a FP competition assay, we show that alanine mutations of BACH1 +5 (D1138A) and +1 (P1134A) result in little or no change in competition compared to wild-type (Fig. 4A) . In contrast, mutations at +3 (L1136A) and +4 (Y1137A) almost completely abolish any competition with the FITC-labeled cognate peptide, providing evidence that the +3 and +4 residues of BACH1 are the most critical specificity determinants. The fact that the +3 residue is absolutely required for specific binding is characteristic of the common mode of BRCT repeat recognition, although the additional importance of the +4 residue is surprisingly different. Mutation at +2 (E1135A) also yields a smaller but significant reduction in competition.
The observed peptide binding specificity can be explained by the TopBP1 BRCT7/8-BACH1 phospho-peptide complex crystal structure. Both +3 and +4 BACH1 residues are nestled in a deep hydrophobic cavity in TopBP1 BRCT7/8 that is sculpted upon peptide binding (Fig. 4B ). In the apo structure, the +3/+4 pocket is held open by the open conformation of TopBP1 BRCT7/8. Binding of the peptide initiates closure of the walls of the +3/+4 pocket, creating a tight, narrow cleft that accommodates the hydrophobic side chains of the peptide. The pocket in TopBP1 BRCT7/8 is both larger and deeper than the +3 binding pockets of other established phospho-peptide binding BRCT repeats. For example, although the same leucine +3 peptide residue exists in the S. Pombe Brc1-γH2A complex (39), the leucine side chain packs horizontally across the shallow +3 pocket created by Brc1 BRCT repeats. The base of the TopBP1 BRCT7/8 +3/+4 binding pocket is made up of a number of residues at the hydrophobic BRCT interface: Leu1319, Phe1411, Leu1414, Ile1469 and A1470.
Additional residues (Arg1314, Glu1316, Arg1407, Gly1410, Thr1466 and Glu1467) constitute the sides of the +3/+4 pocket (Supplemental Fig. S1 ). The pocket complements the charge and shape of the +3 leucine and +4 tyrosine residues perfectly.
Besides the hydrophobic interactions made between the hydrophobic residues, the +4 tyrosine side chain also hydrogen bonds with the main chain of Thr1466 and stacks against the guanidinium group of Arg1314 of TopBP1.
Two essential arginine residues (Arg1314 and Arg1407), neatly placed on opposite sides of the +3/+4 binding pocket, effectively shape the sides of the pocket by making a number interactions with the phospho-peptide. Mutations of Arg1314 (R1314Q) and Arg1407 (R1407A) markedly reduce binding to the FITC-BACH1 phosphopeptide in the FP assay (K d = 56.4 ± 3.8 µM for R1314Q, K d = 63.4 ± 4.5 µM for R1407A), highlighting their importance in phospho-peptide binding (Supplemental Fig. S4 ). As a function of the rotational movement of BRCT8, Arg1407 makes a dramatic switch by breaking an existing salt bridge with Asp1440 in order to form a new salt bridge with the +5 side chain and make a water-mediated interaction with the +2 main chain (Fig. 4C) . Arg1314 is conserved in other tandem BRCT domains and has a major role in recognition of the +3 main chain or carboxy tail of the cognate peptide (17) . In canonical tandem BRCT repeats, the conserved arginine (Arg1699 in BRCA1, Arg1933 in MDC1) contributes to the BRCT interface and is held in place by salt bridge interaction(s) with conserved acidic residues (E1836 and D1840 in BRCA1, E2063 in MDC1) across the interface. Although the role of the Arg1314 main chain in binding the +3 main chain is preserved, the Arg1314 side chain has a number of additional roles that appears to be unique to TopBP1 BRCT7/8. In the apo state, Arg1314 is too far from the conserved Glu1467 and Asp1471 residues across the BRCT interface to make contact (Fig. 4D) . The inherent mobility of Arg1314 is further supported by the relatively poor electron density and higher b-factors associated with the Arg1314 side chain. Consequently in the peptide-bound state, Arg1314 is free to adopt a different rotamer in order to interact with the +2 side chain and form a cation-π interaction with +4 Tyr side chain. Taken together, the structural plasticity of the +3/+4 pocket, which is imparted by the rearrangement of TopBP1 BRCT7/8, is required for the specific TopBP1-BACH1 interaction.
In Vivo Binding Specificity of TopBP1 BRCT7/8-BACH1 -To further characterize the TopBP1 BRCT7/8-BACH1 binding specificities, we assessed the effects of mutations on the TopBP1 BRCT7/8-BACH1 interaction in vivo. From our in vitro FP binding results, we showed that mutations in the conserved phosphate binding pocket residues (S1273A and R1280Q) and in the +3/+4 binding pocket (R1314Q) significantly reduce binding to the FITC-labeled BACH1 phospho-peptide. To determine the effects of these mutations in human cells, Myc-tagged fulllength TopBP1 harboring these mutations were cotransfected with SFB-tagged BACH1. None of the mutants formed a complex with BACH1, as indicated by the absence of Myc-TopBP1 in BACH1 immunoprecipitates (Fig. 5A) . Using alanine scanning mutagenesis, we also concluded that BACH1 +2 to +4 residues are critical for TopBP1 binding specificity. In support of this, mutants of SFB-tagged BACH1 +2 (E1135A), +3 (L1136A) and +4 (Y1137A) failed to bind mycTopBP1 in BACH1 immunoprecipitates (Fig. 5B) . However, mutation at +2 seemed to have a more detrimental effect on binding than at +4 in our in vivo co-immunoprecipitation.
Although the TopBP1 BRCT7/8 mutants failed to bind BACH1 in vivo, we note that this is not a consequence of a defect in overall TopBP1 function since these mutants still colocalize with γH2AX to IR-induced foci like wild-type TopBP1 (Supplemental Fig.  S5 ). This is consistent with our previous reports suggesting that TopBP1 BRCT7/8 does not have a role in TopBP1 localization following DNA damage (5, 23) .
To address the pThr/pSer specificity of TopBP1 BRCT7/8 in vivo, we tested the ability of BACH1 T1133A and BACH1 T1133S mutants to bind TopBP1. As expected, TopBP1 failed to coimmunoprecipitate with SFB-tagged BACH1 T1133A (Fig. 5B) , however BACH1 T1133S restored binding to TopBP1, suggesting that BACH1 T1133S is similarly phosphorylated in cells and interacts with TopBP1 BRCT7/8 in the same manner as wild-type BACH1. Consistent with our in vitro results, this indicates that the TopBP1 BRCT7/8, unlike the BRCA1 and MDC1 BRCT repeats, is competent to bind both pThr and pSer peptide motifs with similar affinities.
DISCUSSION
The role of TopBP1 as an integrator of diverse signals that control the replication stress response critically depends on its nine BRCT domains that dictate diverse molecular interactions. Here we present the first structural information providing insight into how TopBP1 binds one of its critical partners in the DNA damage response, BACH1. BACH1 was initially identified through its interactions with BRCA1 (33), which involve the recognition of a pSPTF motif (residues 990-993 of BACH1) by the tandem BRCT repeats of BRCA1 (12) . This interaction is critical for regulation of cell cycle checkpoint function in response to ionizing radiation. Additionally, mutations in BACH1 are found in Fanconi anemia patients and are associated with defects in DNA crosslink repair, and indeed BACH1 is recognized as a member of the family of Fanconi-associated genes, designated FANCJ (58-60). The BRCT 7/8 tandem pair of TopBP1 functionally interacts with another phosphorylated region of BACH1 that is distinct from that recognized by the BRCA1 BRCT repeats (5). This interaction is required for the proper loading of RPA onto single-stranded DNA near stalled replication forks in a manner that is also dependent upon the helicase activity of BACH1 and ultimately leads to ATR-dependent phosphorylation signaling. Our structural and functional analysis reveals intriguing differences in the way that TopBP1 recognizes its BACH1 target compared to BRCA1 recognition of BACH1 that govern how these two tandem BRCT repeats bind their respective phospho-targets with a high degree of specificity.
A major difference is the fact that phosphopeptide binding induces a large scale rearrangement in the packing of the TopBP1 BRCT7/8 repeats, whereas the conventional BRCT repeats are much more rigid and fixed in a conformation very similar to the bound form. The conformational change in TopBP1 BRCT7/8 upon peptide binding corresponds to a ~20 o rotation of one BRCT with respect to the other about the extended linker helix (α L ) (Supplemental Movie 1). The bound form of TopBP1 BRCT7/8 closely resembles the standard packing of BRCT domains found in the other tandem BRCT structures, while the unbound form represents a more relaxed structure, with opened binding pockets for both the phosphate and peptide +3/+4 residues. The plasticity of TopBP1 BRCT7/8 compared to the other BRCT repeats is likely due to reduced packing of the BRCT repeats. This increased flexibility could allow TopBP1 BRCT7/8 to recognize a more divergent array of peptide targets.
In addition to the interaction with BACH1, BRCT7/8 has also been shown to interact with an AKT-phosphorylated region of TopBP1 between the 6 th and 7 th BRCT to regulate the oligomerization of TopBP1 (30) . The +3/+4 positions of this target (pS 1159 NLQWPS) are not conserved with the BACH1 target sequence, and it may be that recognition of this peptide involves a further rearrangement of the TopBP1 BRCT7/8 specificity pocket. While TopBP1 is more flexible than the other tandem BRCT proteins, a certain degree of flexibility in packing of the tandem repeats of BRCA1 likely also exists in solution, as suggested by both NMR (61) and thermodynamic stability studies (62, 63) . A BRCT interface rotation is also observed in the Nbs1 BRCT domains, although it appears to be initiated by a mechanism dependent on the neighboring FHA domain. Binding of the peptide with the FHA domain initiates a helical rearrangement of the FHA-BRCT1 interface and ~20° rotation at the BRCT1-BRCT2 interface (64) . In contrast to the rearrangement in TopBP1 BRCT7/8 however, this rotation is in an orthogonal direction and its significance is still unknown.
The other intriguing difference between TopBP1 BRCT7/8 and other tandem BRCT proteins is its recognition of a pThr target peptide. We demonstrate that both BRCA1 and MDC1 BRCTs are specific for pSer-and not pThrcontaining targets, while TopBP1 has a relaxed specificity, binding both pSer and pThr peptides. The sequence conservation of the different BACH1 binding motifs also complements this notion, as BACH1 Thr1133 exists as a Ser residue in some mammalian species, whereas BACH1 Ser990 is absolutely conserved throughout. The difference in specificity between BRCA1/MDC1 and TopBP1 relies on subtle differences in the geometry of recognition of the phosphorylated amino acid, likely driven by the presence of the additional Arg1280 residue in the phosphate binding pocket of TopBP1 BRCT7/8 (Fig. 3B) . Arg1280 is also conserved in a number of BRCT domains, suggesting a possible conserved mechanism of phosphate recognition (Supplemental Fig. S6 ). For example, the equivalent arginine side chain in S. Pombe Crb2 (Arg558) makes a single water-bridged interaction with the phosphate of γ-H2A in the Crb2 BRCT1/2-γH2A crystal structure (37) . The bidentate mode of recognition by Arg1280 may also be conserved, as suggested by the interaction of TopBP1 Arg121 with a sulfate ion in the TopBP1 BRCT0/1/2 crystal structure (10) .
Interestingly, this recognition of the pThr side chain is similar to that employed by FHA domains, which specifically bind pThr phosphopeptides through conserved arginine residues (65,66). For example, Arg61 of the RNF8 FHA domain makes a bidentate interaction with the phosphate of its target pThr, while Arg42 mediates an interaction between the phosphate group and -2 of the peptide backbone. These interactions anchor the pThr side chain and the backbone configuration of the peptide in a similar conformation to that observed in the TopBP1 BRCT7/8 complex (Supplemental Fig. S7 ). TopBP1 Arg1280 fulfills the roles of the conserved RNF8 Arg61 and Arg42 residues by concurrently contacting both the phosphate and the -2 of the peptide backbone. It has been suggested that FHA domains prefer pThr because binding of the pThr binding motif places the pThr in an orientation that allows the γ-methyl group to pack in a small cavity in the FHA domain. Substitution to a pSer would result in loss of these particular van der Waals interactions (65). In the case of TopBP1 BRCT7/8, the pSer binding ability can be explained by the absence of the FHA γ-methyl cavity, which is substituted by the water mediated network of interactions (Fig. 3B) .
TopBP1 BRCT7/8 also has in vitro DNA binding activity, and similar activities have been found for several other BRCT domains (67, 68) . Perhaps the best characterized interaction is that between the single BRCT of the RFC p140 subunit and double stranded DNA ends containing a 5′-phosphate.
This BRCT domain harbors an arginine, Arg423, which is analogous to TopBP1 Arg1280, and directly participates in the recognition of the 5′-phosphate of dsDNA (69, 70) . Binding of the single RFC BRCT to dsDNA also requires an additional N-terminal helix, which binds to the major groove of the dsDNA.
The interaction between TopBP1 and BACH1 is crucial for the response to DNA replication stress. We have previously shown that disruption of the TopBP1-BACH1 interaction impairs RPA chromatin loading, which is a prerequisite for ATR activation and DNA replication checkpoint control.
This study provides the molecular mechanism that underlies this critical interaction, as well as new insights into the surprising versatility of BRCT domain function in the DNA damage response. 
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